A number of inorganic carbonaceous materials (activated carbon, high surface area graphite and graphenic materials) have been used as supports of Ru nanoparticles in order to determine their catalytic properties in the base-free aqueous-phase oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid (FDCA). In particular, we have studied in detail reduced graphene oxide (rGO) and nitrogen doped reduced graphene oxide (NrGO), which are the support materials that produce more selective ruthenium catalysts. Also the effects of different metal precursors used in the preparation of the Ru nanocrystallites have been evaluated. Both support materials and Ru catalysts were characterized by elemental analysis, nitrogen physisorption (BET), thermogravimetric analysis (TGA), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). The point of zero charge (PZC) for the graphenic materials was also determined. Interestingly the different supports significantly modify the catalytic performances, the graphenic materials being those that under our experimental reaction conditions produce the highest selectivity to FDCA. On these supports (rGO and NrGO) the highest HMF conversion was achieved by using triruthenium dodecacarbonyl as the ruthenium precursor. For the improved catalyst, Ru supported on NrGO, the yield of FDCA becomes close to 80%. This catalyst has been reused several times with neither loss of activity nor modification in selectivity values. Characterization data indicate these catalytic results can be correlated to the basic properties of the NrGO support as well as to the surface properties of Ru nanoparticles. These findings indicated that the metal precursor and the surface functional groups exposed on the support can modulate the catalytic properties, in particular amending the selectivity towards FDCA production.
Introduction
In the last few years there has been a growing interest in the conversion of renewable biomass resources into chemicals and fuels. 1 In this context, HMF is a promising biomass-derived platform molecule generally produced through chemical dehydration of hexoses, such as glucose and fructose. 2 The oxidation of HMF can generate several kinds of products such as 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic acid (HFCA), 5-formyl-2-furancarboxylic acid (FFCA) and 2,5-furandicarboxylic acid (FDCA) (Scheme 1). FDCA has been identied by the U.S. Department of Energy as one of the 12 top value added chemicals from biomass.
3 FDCA can be used as an alternative monomer to potentially replace terephthalic acid which is involved in the production of polyethylene terephthalate (PET). 4 Several stoichiometric oxidants, such as HNO 3 , N 2 O 4 and KMnO 4 , 5 as well as homogenous catalytic systems 6 have been used for the HMF oxidation into FDCA. However, harsh reaction conditions, corrosive properties of the media and production of large amounts of waste have a negative economic and environmental impact.
Scheme 1 Reaction pathway from HMF to FDCA.
The oxidation of HMF to synthesize FDCA employing air or oxygen has been described along with different supported catalysts. 7 Among the studied heterogeneous catalysts are noteworthy those based on noble metals such as Pt, 8, 9 Au, 10, 11 and Ru. 12 However, it should be underlined that in most of the reported reaction procedures a base additive, essentially NaOH, KOH or Na 2 CO 3 , is required, [13] [14] [15] so only very few works applying base-free catalysts have been reported.
Casanova et al. 16 claimed a useful strategy to avoided base added requirement, using methanol as solvent instead of water.
Using an Au/CeO 2 catalyst under oxygen pressure, 2,5-dimethylfuroate is the main product. Despite its outstanding activity and selectivity, the oxidation of the solvent was unavoidable due to it follows a similar oxidation pathway than the substrate.
Highly basic solid supports have also been proposed as replacements of the base during HMF oxidation in water. Gupta and coworkers 17 reported Au nanoparticles supported on hydrotalcite (HT) to catalyze the aqueous-phase oxidation of HMF to FDCA showing good performances. However, later studies 18 suggested that alkali contaminants from the synthesis of the HT supports or co-existing partially soluble brucite favored the results obtained. Along the same lines, high yields of FDCA were also obtained by Gorbanev et al. 19 using Ru(OH) X supported on a HT and MgO. Nevertheless, extensive deactivation due to leaching of magnesium from both supports is taking placed. In recent publications Au-Pd alloys 20 and Pt 21 supported on functionalized carbon nanotubes (CNT) were presented as base-free alternatives in the aerobic oxidation of HMF to FDCA under oxygen pressure. It is reported that the oxygen-containing functional groups, in particular carbonyl/quinone and/or phenol groups, on CNT surfaces play crucial roles in FDCA formation. These functional groups could enhance the adsorption of HMF as well as the reaction intermediates from water and might facilitate hydrogen transfer. Nonetheless, long reactions times of 12 and 14 h respectively were required besides the use of expensive metals as Au, Pt and Pd. Also, the facet effect and size-dependent effect of single-crystalline Pd nanocrystals on the aerobic oxidation of HMF has been systematically investigated by experimental and theoretical approaches. 22 It was found that the size-dependent effect of these Pd nanocrystals derived from the different surface Pd atom percentages. So, Pd atoms at (111) facets exhibited notably enhanced catalytic activity for the aerobic oxidation of HMF than Pd atoms at (100) facets. By controlling the amount of surface Pd atoms to be identical, Pd nanocrystals with the same shape but different particle sizes exhibited very similar catalytic performances for HMF oxidation. Ruthenium catalysts supported on carbon materials were studied by Yi et al., 23 however very high metal : HMF ratios are required to achieve signicant catalytic yield to FDCA.
Due to the lack of more economically attractive and stable heterogeneous catalyst systems, we propose the development of new nanomaterials, consisting of nitrogen doped graphene and small Ru crystallites, which must be efficient and stable when acting as heterogeneous catalysts for the aerobic oxidation of HMF into FDCA in the water media. Moreover we aim to work under base-free conditions taking advantage of the surface functional groups incorporated in the support material. Also we are using for this study Ru based catalysts, as this metal is cheaper than Au, Pd and Pt.
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Special consideration will be paid to the effect induced by the surface functional groups exposed at the surfaces of graphenic materials, such as, nitrogen groups which have been reported previously by our group as basic ingredient of catalysts. 25 More precisely, it has been demonstrated that the incorporation of N into these graphenic materials improves their chemical and electrical properties. It is due to the fact that N presence improves electronic density of the carbon material incorporating by one more electron into the carbon surface becoming more basic. 26 This possibility of acting on the carbon surface properties and the high specic surface area of graphenic materials, make them highly promising materials. So, recently de Jongh et al. 11 reported that Au nanoparticles are affected by the presence of surface oxygen groups exposed on high surface area graphite when used in the HMF oxidation, but the reaction experiments were carried out in the presence of NaHCO 3 solved in the media. Also in a recent review article 27 has been remarked the interest in controlling and applying the functionalization of graphene materials. However, to the best of our knowledge, there is no report on the using of nitrogen doped graphene materials as support for the base free oxidation of HMF. Herein, we comparatively investigate the preparation and characterization of Ru based catalysts supported on carbonaceous materials as activated carbon, high surface area graphite, graphenic materials. These catalytic materials have been applied in the base-free oxidation of HMF in water to yield FDCA, aiming to achieve higher reaction yields at moderate reaction conditions (temperature and time in reaction).
Experimental

Preparation of supports
Graphenic materials were obtained via thermal treatment of graphite oxide (GO). GO was synthesized from natural graphite powder (325 mesh) supplied by Alfa Aesar (purity 99.8%) following a modication of the Brodie's method. 28 This procedure is as follows: 10 g of graphite (G) were added to 200 mL of fuming HNO 3 kept at 0 C in the reaction ask. 80 g of KClO 3 were slowly added during 2 hours. Thereaer, the mixture was stirred for 21 h maintaining the temperature. The resulting GO was ltered and washed thoroughly with deionized water until neutral pH. The sample was dried overnight at 100 C. Finally the catalysts were activated by reduction under hydrogen ow as indicated before. Once the reduced samples are at room temperature a helium ow (50 mL min À1 ) is passed for 5 h in order to passivate the metallic surfaces. The reduced/passivated catalysts were exposed and stored under air up to their evaluation in reaction or the characterization studies.
Material characterizations
The chemical analysis (C, H and N) of the supports was performed using a Perkin-Elmer elemental analyzer. The textural characterization and surface area (S BET ) determinations were obtained from the nitrogen adsorption (À196 C) isotherms, which were obtained using a Micromeritics ASAP model 2020 instrument. To obtain the point of zero charge (PZC) of graphenic materials, the electrophoretic mobility (m) vs. pH of the samples was measured in a Zeta Meter 3.0+ at 25 C. PZC was determined following the experimental procedure described in detail elsewhere. 29 Transmission Electron Microscopy (TEM) micrographs of the supports and of the catalysts were obtained on a JEOL JEM-2100F microscope at 200 kV. The samples were ultrasonically suspended in ethanol before deposition over a carbon-coated copper grid of 200 mesh. The average metal particle sizes in the catalysts were calculated using the following formula:
where n i is the number of particles with diameter d i . The samples were also analysed by X-ray diffraction (XRD), using a Polycristal X'Pert Pro PANalytical diffractometer with Niltered Cu/K radiation (l ¼ 1.54Å) operating at 45 kV and 40 mA. For each sample, Bragg's angles between 4 and 90 were scanned at a rate of 0.04 s
À1
. Thermal analysis were also recorded in TG/DTA mode in a TA Instruments SDT Q600 under air. All the catalysts were analysed by X-ray photoelectron spectroscopy (XPS) using an SPECS GmbH with UHV system, energy analyzer PHOIBOS 150 9MCD using a monochromatic Xray source of Al Ka (1486.74 eV). Each sample was pressed into a small pellet of 10 mm diameter, placed in the sample holder and degassed in the chamber for 24 h to achieve a dynamic vacuum below 10 À10 mbar before analysis. The catalysts were rst activated by reduction in H 2 ow (70 mL min À1 ) at 400 C during 1 h in the sample pretreatment chamber. The spectral data for each sample were analyzed using CASA XPS soware. The C 1s peak at 284.6 eV was used as an internal standard. The equipment error in the energy determinations is less than 0.01 eV.
Reactivity measurements
The oxidation of 5 HMF was carried out using an autoclave (Autoclave Engineers) reactor with 150 mL capacity, equipped with a mechanical stirrer (500 rpm) and furnace system. By some preliminary studies using the same catalyst it was determined that under this stirring velocity there is not intern mass transfer limitations. Aer reduction treatment, the catalysts (50 mg) were suspended in 100 mL of water. Then the autoclave was purged three times with synthetic air and the temperature was increased to 100 C. Once the reaction conditions were reached, 1 mL of HMF 0.2 M in H 2 O was dosed into the autoclave and pressure was raised up to 10 bars with air. Aliquots of the reactor liquids were collected periodically, ltered and the reaction product mixture was analysed by HPLC (Agilent Technologies 1200 series equipped with a refractive index detector, Hi-Plex H column, ow 0.7 mL min À1 , mobile phase 5 mM H 2 SO 4 , temperature 65 C).
Carbon mass balances in the reaction studies are higher than 94% in all the catalytic determinations. Some of these experiments were repeated twice in order to check reproducibility of these measurements. The conversion of HMF was calculated as:
where HMF i represents the initial HMF concentration and HMF f the nal HMF concentration. The selectivity of each product was calculated as:
where mol i represents the mole of the product whose selectivity is being calculated and mol t represents the total moles of all the products. Site time yields (STY), moles of FDCA produced per mol of catalyst surface per second, were also calculated. For determine the active surface area exposed by the Ru nanocrystallites we have assumed perfectly spherical metallic shapes. Thus with the direct measured of the diameters of such as metallic particles by TEM it is possible to determine the numbers of exposed active sites.
Results and discussion
Characteristics of the supports Fig. 1 shows the XRD patterns of GO, rGO and NrGO. Aer thermal treatment, the characteristic diffraction peak at 16 of GO disappeared and a new main peak appeared at 26 corresponding to the graphite (002) reection. 25 The GO was successfully exfoliated to form NrGO and rGO materials. However, the more intense peak at 26 for NrGO may indicate some restacking of graphene layers. The comparison of this peak for NrGO and rGO samples evidenced that restacking is favored under ammonia reactive conditions. It was also conrmed by S BET values, so S BET of rGO (904 m 2 g À1 ) is higher than that measured for NrGO (483 m 2 g À1 ) and the degree of restacking should decrease the surface area of graphenic material. 25 This is consistent with TEM images (Fig. S1 in ESI †) where it can be observed that graphitic structures appear in the case of NrGO, while rGO solid consists of few layer graphene.
The concentration of nitrogen adatoms in the graphenic supports was determined by elemental analysis. As expected, no nitrogen is detected in rGO. The N content for NrGO was 4.6 wt%. Furthermore, XPS analyses for the NrGO sample showed nitrogen content of 3.8 wt% suggesting a somewhat lower concentration of nitrogen species at surface. Deconvolution of the N 1s region (Fig. S2 in ESI †) indicated the presence of four nitrogen species: 41% pyridinic nitrogen (398.5 eV), 27% pyrrolic nitrogen (400.5 eV), 18% quaternary nitrogen (401.8 eV), and 14% NO x groups (405.0 eV).
31 Among all these species, the pyridinic nitrogen is believed to have the stronger basic character. Accordingly, it is generally assumed that the basicity of carbon catalysts is linked to the amount of pyridinic groups. 32, 33 No nitrogen peak was detected for rGO. As the surface charge of carbonaceous materials is governed by the nature of the surface groups and the pH, PZC can be used to estimate the surface chemistry of the graphenic materials. 34 An increase in the PZC value was found for NrGO sample (Fig. 2) showing a PZC of 8.5 against 7.2 of rGO sample. These results indicate that NrGO surfaces present a greater basic character than rGO. Since nitrogen atoms have an additional electron in comparison with carbon atoms, p electron delocalization will occur easily in NrGO. This excess of electrons produces an increase in the electronic density, which could explain the higher PZC values obtained for NrGO. As electron-donor properties are related to basicity, the stronger the electron donating is, the greater the basicity. 31 Finally PZC measurements carried out on the reduced catalysts (i.e. samples Ru(CO)/rGO and Ru(CO)/NrGO) do not provide signicant differences in comparison with the bare supports. This mean that the possible Ru anchoring over the surface nitrogen groups cannot be detected from the PZC determinations.
The thermal reactivity under air of the prepared supports was investigated by TGA (Fig. S3 ESI †) . TG analysis for rGO showed a sharp weight loss near 628 C that could be attributed to the oxidation of a well-organized carbon structure. In comparison, sample NrGO showed an oxidation temperature of 671 C, which is in concordance with previously reported trends 35 showing that the thermal stability in air increases for nitrogen doped graphenic materials.
Characteristics of the Ru nanoparticles
The loading of Ru in carbon supported metal catalyst was estimated by TGA. Thermogravimetric method consisted in weighing the residues of RuO 2 generated aer burning away the graphenic support at 850 C in air. 36 Also it was checked that bare supports (rGO and NrGO) produce null amount of residue. The same can be said for the HSAG support material. Contrarily in the case of the commercial CA, in spite of its purication treatment, a small residue weight was determined (0.24 wt%), this amount being subtracted for determining the quantitative loading of incorporated Ru. Considering the similarities of the nominal amount of Ru incorporated and the experimental determinations, we can point out that Ru is not volatilized under these carbon support burning conditions. The chemical compositions of the catalyst are presented in Table 1 . The XRD patterns of the catalysts prepared from different ruthenium precursors are shown in Fig. 3 . All the samples showed the characteristic (002) reection of graphitic carbon at 26 (discussed above). However, no peaks related with the formation of crystalline Ru were observed on the samples. This is surely due to the particle size of Ru-NPs in these samples was below the XRD detection threshold as was evidenced in the d TEM values reported in Table 1 . Finally the addition of metal seems not to change signicantly the peak intensity at 26 degree, so the initial structures graphenic or graphitic seems not to be modied by the incorporation of the Ru nanoparticles. The particle sizes of the ruthenium crystallites exposed in the reduced catalysts were determined by TEM. Representative TEM images of the catalysts and their histograms with particle size distribution are shown in Fig. 4 .
The Ru nanoparticles average size obtained for the carbon supported catalysts are summarized in Table 1 . The average ruthenium particle sizes for these catalysts are in the range from 1.4 to 2.4 nm. From Table 1 it should be noted that the particle size of Ru nanoparticles strongly depends from the Ru precursor and the used support. Comparison of catalysts supported on the two graphene supports (rGO and NrGO) for a given Ru precursor reveals that larger particle sizes were systematically obtained on NrGO support, which can be rationalized in terms of the lower specic surface area of the NrGO support regarding rGO support. When a graphene support (rGO or NrGO) is considered the ruthenium particle size change with the metal precursor in the order: Ru(Cl) > Ru(NN) z Ru(CO). As shown in Fig. 4 Ru nanoparticles were dispersed uniformly on graphene surfaces without detecting aggregation formation, so the interactions of graphene surfaces with the Ru crystallites seem to be maximized. On the other hand, there are not evidences of any association of the Ru nanoparticles with the N atoms of the NrGO support, and these nitrogen functionalities seem not to play any role in determining the Ru crystallite sizes. In general mean Ru particle sizes (Table 1 ) are higher in the catalysts supported over NrGO than in those supported over rGO. The diameter size distribution histograms of these catalysts are displayed in Fig. 4 . It is observed that the particle size distribution is broadened when the NrGO is used as support with respect to rGO. Moreover, Ru(CO)/HSAG and Ru(CO)/AC catalysts present the highest average particle size and also the broadest particle size distribution. XPS analysis was done in order to study the electronic states of Ru nanoparticle on the different catalysts. Due to the binding energy of Ru 3d 3/2 overlapped partially with that of C 1s, Ru 3p signal was used to distinguish the chemical states of Ru samples. The Ru 3p XPS spectrum for Ru(Cl)/NrGO catalyst showed two peaks centered at 462.7 eV and 484.7 eV corresponding to Ru 3p 3/2 and Ru 3p 1/2 respectively (Table 2 and Fig. 5a ). Notably, the peaks for Ru(Cl)/NrGO appeared at lower binding energy compared to Ru(Cl)/rGO peaks (463.0 eV and 485.0 eV in Table 2 ). The latter fact suggests that the incorporation of nitrogen atoms in the graphitic structure of graphene could favor donation of electron density towards Ru active sites. More signicantly some residual chlorine impurities on the surface were observed in the survey scan XPS spectrum of Ru(Cl)/NrGO and Ru(Cl)/rGO catalysts. However some similar shis in the Ru binding energies towards lower energy values were observed when compared with Ru(CO)/NrGO and Ru(NN)/ NrGO catalysts (Table 2 and Fig. S4 †) . That we can conclude that when the Ru nanoparticles are supported over the nitrogendoped graphenic material there is a systematic electronic interaction between this support and the Ru nanoparticles with electron transfer from the support to the Ru. In agreement with our results an earlier work of X. Chen et al. 37 reported that the Ndoped graphene is an effective electron donor for iron nanoparticles as revealed by Fe K-edge XANES study.
Catalytic results
Previous research with different metals (Ru, Pt) and supports (oxidic and carbonaceous materials), 19, 21 demonstrates both the relevance of the support in the achieved nal FDCA yield (Scheme 1), and that in general carbon supports are superior. Table 3 lists the results of the base-free aqueous-phase oxidation of HMF to FDCA over the supported Ru catalysts prepared from different precursors. First, blank tests were carried out, without catalyst addition in the reactor, and barely formation of products was observed (entry 1 Table 3 ). Also the bare supports give very low HMF conversions (entries 2 and 3) under our reaction conditions. From Table 3 it can be observed that the achieved HMF conversions with nearly all the Ru studied catalysts were higher than 97.5% aer 8 h in reaction. Concerning the selectivity values signicant differences can be observed depending on precursor and support. For instance when Ru nanoparticles are supported on commercial carbons (Ru(CO)/HSAG and Ru(CO)/AC) FDCA selectivity values are signicantly lower than when supported on graphenic materials. For Ru(CO)/AC and Ru(CO)/HSAG catalysts the poor catalytic selectivities towards FDCA can be attributed to the Ru average particle sizes, 2.3 nm and 2.4 nm respectively (Table 1) , which are signicantly higher than the sizes in Ru catalysts supported on graphene supports (rGO and N-rGO), in particular than those prepared with Ru carbonyl as metal precursor.
Apparently an increased average metal particle size implies a reduction in the reaction rate since the progress of the consecutive oxidation reactions to reach the desired FDCA product is slower. The selectivities toward FDCA obtained with catalysts prepared from RuCl 3 precursor over graphenic materials were also lower than selectivity values obtained with Ru 3 (CO) 12 and Ru(NO)(NO 3 ) 3 derived catalysts. The presence of chlorine impurities, that was conrmed by XPS as it was discussed above, can be the reason of this different behavior. This poisoning of the Ru nanoparticles 38 and a possible increase of acidity due to the presence of chlorine ions, seems to be responsible for the low selectivity towards FDCA of Ru(Cl)/rGO and Ru(Cl)/NrGO catalysts.
For catalysts prepared with both Ru 3 (CO) 12 and Ru(NO)(NO 3 ) 3 precursors, higher selectivity towards FDCA was found when supported on NrGO in comparison with those supported on rGO. In Fig. 5 the evolution of selectivity towards FDCA as the reaction is progressing is represented. Clearly a systematic support effect is evidenced. For these four catalysts, with Ru average particle sizes among 1.4 nm and 1.8 nm, as reported in Table 1 , the possible effect of the nitrogen surface groups can be neatly evidenced. The single most noteworthy observation from these comparative data was that HMF could be completely converted, and with 79.1% selectivity towards FDCA, over Ru(CO)/NrGO aer 8 h at 100 C (entry 9).
In order to quantitatively compare the effects induced by the presence of nitrogen surface groups in the graphenic materials when used as supports, in Fig. 6 catalyst activity is reported for each catalyst as site time yield (STY), moles of FDCA produced per mol of surface Ru per second. Clearly the two Ru catalysts supported on Nr-GO produce, in all the range of reaction time, higher selectivity values towards FDCA formation than those supported on rGO. This effect is observable for the two series of catalysts: ex-nitrosyl nitrate and ex-carbonyl. As reported in Table 3 , entries 2 and 3, the bare support NrGO produce signicant higher amount of FFCA in comparison with rGO, in spite of the low HMF conversion (Table 3) . This FFCA is an intermediated in the formation of FDCA (Scheme 1).
Therefore, all these results would seem to indicate the nitrogen functional groups signicantly affect in the NrGO supported Ru catalysts, improving the selectivity to FDCA. The nature of the nitrogen effect could be thought to be twofold. On the one hand, the basic sites, as evidenced from PZC (Fig. 2) , in the case of Ru catalysts supported on NrGO, surely may contribute to the reaction in synergy with the Ru nanoparticles. However, the electron enrichment of the Ru nanoparticles, observed by XPS measurements, which could affect their activity for the HMF oxidation, can not improve the activity for the oxidation reaction, because a higher electron density of the surface Ru would disfavor both the dioxygen dissociation and the HMF chemisorption. Thus our main hypothesis is that basic sites, in the case of Ru nanoparticles supported on NrGO, surely may contribute to the reaction in synergy with the Ru nanoparticles. In short the combination of very small Ru crystallites Scheme 2 Proposal for the cooperative action of the nitrogen surface groups exposed on the doped graphenic materials and the Ru nanoparticles. with some basic surface functions can act cooperatively. In a rst stage oxygen and reactant are chemisorbed on the Ru surface and the production of acidic compounds (HFCA, FFCA and FDCA) starts. When FDCA is formed this is more efficiently removed from the metallic surface in the presence of basic sites exposed on the graphenic materials. These mechanistic aspects have been outlined in the Scheme 2, and should be considered as an explanation of the results presented in Fig. 5 and 6 . So, this mechanism is close to that taking place when a basic compound is dissolved in the reaction media: reaction equilibrium displacement by elimination of the products from the proximity of the active surface sites. We can dene this mechanism action as a cooperative effect between the surface sites exposed on the Ru nanoparticles and those basic functionalities exhibited on the nitrogen doped graphenic material (NrGO). A representative example of the time course of the conversion (%) of HMF to the reaction products (%), determined using the Ru(CO)/NrGO catalyst, are presented in Fig. 7 . During the rst 15 minutes, the main product was DFF. As HMF was consumed, the yield of DFF decreased and the yield of FFCA increased. The yield of the intermediates decreased and the yield of FDCA increased up to near 79% at 8 hours. Furthermore no HMFCA formation was detected. On the basis of these results we proposed that under our experimental conditions FDCA is produced by a stepwise reaction via DFF and FFCA as shown Scheme 1. This tendency is in good agreement with previous studies 21 in the base-free oxidation of HMF. It is also worth noting that 85% of HMF is converted in the rst two hours showing that the steps HMF to DFF and FFCA are faster than the reaction of transformation of FFCA into FDCA. Therefore, Ru catalyzed the oxidation of -OH to -CHO, and further oxidized to -COOH, this latter being the rate-limiting step.
In order to evaluate the stability of this Ru(CO)/NrGO catalytic material, three successive rounds were carried out with the solid recovered by ltration and washed with water. As shown in Fig. 8 , the initial conversion of HMF was maintained for at least three runs. However, the selectivity of FDCA slightly decreased during the recycle process. It could be related to a small loss of mass during recovery of the catalyst between cycles and/or with a blocking of the support basic surface sites by some adsorbed reaction products. Finally the concentration of potentially leached ruthenium in the aqueous solution was analysed by inductively coupled plasma mass spectrometer (ICP-MS). For post-reaction solutions obtained from the Ru(CO)/NrGO catalyst aer the three stability runs, no ruthenium was detected. This absence of Ru leaching can be rationalized considering that before reaction tests catalysts were subjected to a reduction pretreatment at 350 C, and the resulting metallic Ru particles are no soluble in water media. Thus all these results demonstrated the outstanding stability and reusability of our improved Ru(CO)/NrGO catalyst. In order to compare our best performance catalysts with those previously published, in Table 4 are reported data obtained using different noble metal catalysts supported over diverse supports. It should be notice that in any case presented data are obtained using added base as co-catalyst and in all the reactions presented in Table 4 water is the solvent media. So these reported data are obtained under the greenest conditions. The comparison among catalysts in Table 4 is not easy since the reaction variables, such as temperature, pressure, reaction time or molar reactant-metal ratio, are not identical. However, our Ru catalysts are similar in terms of activity and selectivity to those reported in the literature containing noble metals (Au, Pt) which are more expensive than Ru. When comparing with Ru catalysts supported on different materials, our samples result slightly superior, just considering that we work at lower reaction temperature and pressure.
Conclusions
Ru catalysts prepared using different metal precursors (nitrosyl nitrate, carbonyl and chloride) and supported over various carbonaceous materials (high surface area graphite, activated carbon, graphene and N-doped graphene) were studied in the aqueous-phase aerobic oxidation of HMF. The reported data of selectivity cannot be only explained as consequence of Ru particle sizes, as evidenced by the similar average particle sizes determined by TEM (in the range between 1.4 and 2.4 nm). The obtained results suggest that the support along with the Ru precursor remarkably affect the product distributions and surface properties of the ruthenium nanoparticles over the supports. In particular graphenic materials are superior in comparison with commercial carbonaceous materials. Signi-cantly it was revealed that basic surface nitrogen heteroatoms exposed on the NrGO support can play an important role, particularly in the desired product selectivity. As tentative interpretation of this systematic support effect we have argued that Ru nanoparticles supported on nitrogen doped graphene can act synergistically with the basic surface nitrogen sites exposed on the doped graphene surface. These latter can remove the acidic products of this reaction cooperating with the maintenance of free surface Ru sites to perform the oxidation reaction more rapidly.
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